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| INTRODUCTION
The important roles of bidirectional brain-gut interactions in stress and emotional responses have long been recognized. Gastrointestinal problems can affect mental health conditions, such as anxiety and depression, and, conversely, anxiety is closely correlated with the symptom intensities of functional gastrointestinal disorders. 1, 2 Functional dyspepsia (FD) is a gastrointestinal syndrome defined by the presence of symptoms such as epigastric pain, epigastric burning, and postprandial fullness in the absence of any organic or metabolic disease that is likely to explain the symptoms. 3 Patients with FD are hypersensitive to gastric distention (GD) [4] [5] [6] which is thought to activate the dorsal-vagal complex, including the nucleus of the solitary tract (NST), via vagal nerves. In the human brain, GD-induced changes in neuronal activities have been observed in a number of brain regions, such as the insula, thalamus, anterior cingulate cortex, and amygdala, using positron emission tomography (PET) and functional magnetic resonance imaging (fMRI) scans. [7] [8] [9] On the other hand, pharmacological manipulations of various brain regions in rodents have been shown to affect gastric functions. [10] [11] [12] [13] [14] [15] Thus, the dysfunction of neurotransmission within these brain regions could be a possible mechanism underlying the pathology of FD.
The extended amygdala, which consists of the central nucleus of the amygdala (CeA) and the bed nucleus of the stria terminalis (BNST), is involved in stress responses and the regulation of negative affective states such as anxiety and depression. The BNST, particularly its ventral part (vBNST), is densely innervated by noradrenergic fibers that primarily originate in the NST (including the A2 cell group) and caudal ventrolateral medulla (including the A1 cell group). 16, 17 We have previously demonstrated that noradrenergic transmission via b-adrenoceptors within the vBNST mediates the negative affective states induced by inflammatory pain. [18] [19] [20] Furthermore, the activation of b-adrenoceptors within the vBNST induces anxiety-like behaviors and reduction in food intake. 21 However, the involvement of noradrenergic transmission via b-adrenoceptors within the vBNST in gastrointestinal pain and functions remains unclear. Thus, this study aimed to examine GD-induced alterations in noradrenaline release within the vBNST and the effects of b-adrenoceptor activation within the vBNST on gastric emptying and intestinal transit in rats.
| MATERIALS AND METHODS

| Animals
Male Sprague Dawley rats weighing 180-290 g (Japan SLC; Hamamatsu, Japan) were used. The rats were housed 3-4 per cage in a room maintained at a constant ambient temperature (23 AE 1°C) under a 12/12-h light/dark cycle with food and water available ad libitum. Following surgeries to implant the balloon or the microinjection guide cannulae, the rats were individually housed in cages.
| Drugs
Isoproterenol (b-adrenoceptor agonist) and timolol (b-adrenoceptor antagonist) were purchased from Sigma (St Louis, MO). Both drugs were dissolved in phosphate-buffered saline (PBS).
| Measurement of GD-induced noradrenaline release within the vBNST
After fasting for at least 16 hours with water available ad libitum, the rats were anesthetized with sodium pentobarbital (50 mg/kg, intraperitoneal [ip]). A left lateral epigastric incision that was approximately 1 cm long was made to expose the stomach, and a latex balloon (long diameter: 4 cm, short diameter: 2 cm) attached to a polyethylene catheter (inner diameter: 1.6 mm) was placed in the stomach through a small incision made in the forestomach. The catheter's free end was exteriorized at the back of the neck. Subsequently, the rats were individually housed in cages and provided with free access to food and water. After 3-5 days of recovery, each rat was again anesthetized with sodium pentobarbital and unilaterally implanted with a microdialysis guide cannula (outer diameter: 0.5 mm, AG-7; Eicom; Kyoto, Japan) at 1.0 mm above the left vBNST (À0.3 mm rostral, 1.6 mm lateral, and 6.7 mm ventral to the bregma). 22 After this surgery, the rats were returned to their individual cages and allowed to recover for 1-2 days. The noradrenaline contents of the dialysate samples were measured using an electrochemical detector (HTEC-500; Eicom) with a working electrode set at +450 mV vs an Ag/AgCl reference electrode, and the chromatogram peaks were analyzed using the PowerChrom data recording system (Eicom). Behavioral responses were counted before and during the GD stimulus according to the method of Liu et al. 23, 24 with modifications because of microdialysis probe connection to the rat's head. It has been reported that behavioral responses to the GD stimulus are well correlated with electromyographic responses to the GD stimulus. 23 Thus, in this study, behavioral responses were evaluated by well-trained investigators who were blind to the pressure conditions and quantified the responses using a rating scale method by assigning weights to abnormal behaviors as follows: normal body posture (category 0), abdominal contraction and vomiting-like behavior (category 1), and writhing (category 2). The abnormal behavior score was calculated using the following formula: abnormal behavior score = (the number of behaviors in category 1) 9 1 + (the number of behaviors in category 2) 9 2.
| Microinjections
Under sodium pentobarbital anesthesia, each rat was bilaterally implanted with 25-gauge stainless steel guide cannulae 1.5 mm above the vBNST (À0.3 mm rostral, 1.6 mm lateral, and 6.0 mm ventral to the bregma). 22 The rats were allowed to recover for at least 5 days and were handled for 1-2 minutes each day for habituation during the recovery period. Microinjections were performed using 33-gauge stainless steel injection cannulae inserted bilaterally into the guide cannulae. The injection cannulae protruded 1. 
| Histology
Following the experiments, histological analyses were performed to examine the placements of the injection cannulae and the microdialysis probes. Briefly, each rat was decapitated, the brain was rapidly removed, and it was then frozen in powdered dry ice. Coronal sections (50 lm) were prepared on a cryostat, stained with thionin, and examined by light microscopy (40x). Data from the rats with correct placements of the microdialysis probe ( Figure 1A ) and the bilateral microinjection cannulae ( Figure 1B -E) were used for the statistical analyses.
| Statistical analyses
All data were analyzed with an analysis of variance (ANOVA) followed by Holm-Sidak's post hoc tests for multiple comparisons. Differences with P < .05 were considered statistically significant. Exposure to trimethylthiazoline, which is a component of fox odor, increases noradrenaline release in rats, and the intra-vBNST administration of clonidine, an a 2 -adrenoceptor agonist, suppresses the enhanced release of noradrenaline as well as the trimethylthiazolineinduced potentiation of freezing behavior. 26 Noradrenaline release within the BNST is elevated following acute restraint stress in rats, and intra-vBNST injections of a b 1 -and b 2 -adrenoceptor antagonist cocktail block stress-induced anxiety-like behaviors. 27 Furthermore, microinjections of b-antagonists or an a 2 -agonist into the BNST markedly attenuate opiate withdrawal-induced aversive responses in rats. 28 We have previously demonstrated that noradrenaline release within the vBNST is increased following exposures to somatic and visceral inflammatory pain and that b-adrenoceptors are involved in pain-induced aversion. 19, 20 Furthermore, we found that the intravBNST administration of clonidine attenuates pain-induced 13 reduces gastric motility in rats. On the other hand, the administration of ghrelin into the Arc, 15 lateral septum, 10 or lateral hypothalamic area (LHA) 11 increases gastric motility in rats. Furthermore, the activation of a 1 -adrenoceptors within the NST causes a reduction in gastric tone in rats. 12 The present findings indicate that the activation of b-adrenoceptors, which are GPCRs, within the vBNST also plays a role in the regulation of the gastric functions.
In the present study, we demonstrated that intra-vBNST injection of isoproterenol reduced gastric emptying. We previously reported that intra-vBNST injection of isoproterenol also reduced food intake. 21 The BNST provides neuronal input to various brain regions, including the LHA which is known to play an important role in the regulation of feeding and gastric motility. [29] [30] [31] Recently, Jennings et al. 32 have demonstrated that inhibitory synaptic inputs F I G U R E 2 Gastric distention-induced abnormal behaviors and changes in extracellular noradrenaline levels within the vBNST in freely moving rats. A, Scores for GD-induced abnormal behaviors before and during the 30-minute GD stimulation (Pre: n = 8, 25 mm Hg: n = 9, and 45 mm Hg: n = 8). Data are expressed as means AE SEMs. *P < .05 and **P < .001 compared with the value before the GD stimulus (Pre [Holm-Sidak's post hoc test]). B, Bold line indicates the time during which the GD stimulus was applied. Data are expressed as means AE SEMs of the percent of baseline control value, which was calculated as an average of 3 consecutive dialysates before GD stimulation (25 mm Hg: open square, n = 9; 45 mm Hg: closed circle, n = 8). *P < .05 and **P < .001 compared with the value immediately before GD stimulation (Holm-Sidak's post hoc test)
Effects of intra-vBNST injections of isoproterenol on A, gastric emptying and B, small intestine transit. The columns show the percentages of A, gastric emptying and B, small intestine transit in vehicle-treated (white, n = 7), isoproterenol-treated (black, n = 7), isoproterenol + timolol-treated (light gray, n = 6), and timolol-treated (dark gray, n = 6) rats. Data are expressed as means AE SEMs. *P < .05 and **P < .05 compared with vehicle-treated and isoproterenol-treated rats, respectively (Holm- 
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